Intracranial electroencephalography (iEEG) is clinically indicated for medically refractory epilepsy and is a promising approach for developing neural prosthetics. These recordings also provide valuable data for cognitive neuroscience research. Accurate localization of iEEG electrodes is essential for evaluating specific brain regions underlying the electrodes that indicate normal or pathological activity, as well as for relating research findings to neuroimaging and lesion studies. However, electrodes are frequently tucked underneath the edge of a craniotomy, inserted via a burr hole, or placed deep within the brain, where their locations cannot be verified visually or with neuronavigational systems. We show that one existing method, registration of postimplant computed tomography (CT) with preoperative magnetic resonance imaging (MRI), can result in errors exceeding 1 cm. We present a novel method for localizing iEEG electrodes using routinely acquired surgical photographs, X-ray radiographs, and magnetic resonance imaging scans. Known control points are used to compute projective transforms that link the different image sets, ultimately allowing hidden electrodes to be localized, in addition to refining the location of manually registered visible electrodes. As the technique does not require any calibration between the different image modalities, it can be applied to existing image databases. The final result is a set of electrode positions on the patient's rendered MRI yielding locations relative to sulcal and gyral landmarks on individual anatomy, as well as MNI coordinates. We demonstrate the results of our method in eight epilepsy patients implanted with electrode grids spanning the left hemisphere.
Introduction
Intracranial electroencephalography (iEEG) is indicated in potential neurosurgical patients when noninvasive diagnostic techniques prove inconclusive (Bancaud et al., 1965) . Most of these patients have medically intractable epilepsy, requiring long-term invasive monitoring to localize seizure foci as well as to prevent resection of critical brain areas that would result in cognitive deficits or paralysis (Wyler et al., 1988; Lesser et al., 1991) . These recordings also provide rare but highly valuable data to test basic hypotheses in neurophysiology and cognitive neuroscience. Furthermore, iEEG is a promising avenue for the development of neural prostheses designed to aid patients with brain or spinal cord dam- * Corresponding author. Tel.: +1 415 476 4982; fax: +1 415 502 4302.
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age resulting from trauma, stroke, or neurodegenerative diseases (Leuthardt et al., 2006; Santhanam et al., 2006; Hochberg et al., 2006) .
Accurate localization of iEEG electrodes is critical for planning resective surgery as well as for relating iEEG findings to the larger neuroimaging literature. Direct visual observation of electrode positions, perhaps supplemented by neuronavigational systems (Barnett et al., 1993) or recorded with digital photography (Wellmer et al., 2002; Mahvash et al., 2007) , provides the most reliable information. However, many electrodes are tucked underneath the edge of a craniotomy or guided into locations deep within the brain, and so their final locations relative to brain anatomy are not precisely known since they cannot be visually verified. In some procedures, electrodes may be inserted into the subdural space via a small burr hole.
Postimplant radiographs (X-rays) are routinely ordered at most epilepsy centers, and while they are high-resolution, they are nevertheless flat 2D projections that give little indication of underlying brain anatomy. They are typically used to visualize the approximate extent and curvature of the implanted electrode arrays. Simple measurements can be performed to estimate rough electrode positioning on anatomy (Fox et al., 1985; Miller et al., 2007) . However, variable magnification and distortion as well as inherent variability in anatomy and X-ray configuration between patients may reduce the accuracy of these measurements.
Many epilepsy centers obtain postimplant computed tomography (CT) scans to visualize the 3D configuration of the electrodes. However, CT has poor soft tissue contrast and brain structures are very difficult to discern, especially in the presence of severe streaking artifacts caused by the electrodes themselves. Therefore, CT scans must be coregistered to preoperative magnetic resonance imaging (MRI) scans in order to visualize electrode positions on brain anatomy (Grzeszczuk et al., 1992; Winkler et al., 2000; Nelles et al., 2004; Hunter et al., 2005) . However, the resolution of CT is often poor, resulting in partial volume effects. Additionally, the brain may shift considerably following the electrode implant (Hastreiter et al., 2004; Miyagi et al., 2007) , contributing to significant errors in the coregistered locations of electrodes. These disadvantages are compounded by the fact that CT can be uncomfortable and sometimes risky for implanted epilepsy patients, and monitoring must be stopped during the exam. Finally, head CT delivers approximately 200 times the radiation dose of a lateral skull radiograph (Wall and Hart, 1997) .
Some groups acquire postimplant MRI scans, which can visualize brain anatomy with high fidelity. Unfortunately, many electrodes can be difficult to see on them (Bootsveld et al., 1994) ; furthermore, from MRI scans published in the literature (SchulzeBonhage et al., 2002; Kovalev et al., 2005; Soch urková et al., 2006) , it seems likely that electrodes on arrays with spacing tighter than 1 cm would be indistinguishable. Susceptibility artifacts from the electrode material may also distort the images. MRI is also relatively expensive, and, as with CT, many epilepsy centers consider postimplant MRIs to be unjustifiably risky.
We present a procedure and algorithm for localizing electrodes implanted into the brains of neurosurgery patients and for interactively linking a 3D preoperative MRI with a 2D postimplant radiograph and surgical photographs. The method provides a more robust estimate of electrode positions than previously possible. Additionally, we use the transformation matrices to create an interactive viewer that links coordinates on the MRI, photograph, and radiograph; this both verifies goodness of fit as well as assists identification of other structural features on the radiograph by corresponding them to 3D locations on the patient's MRI.
Methods

Patients and electrodes
Eight intractable epilepsy patients (referred to as GP1-GP8) were implanted with subdural electrodes for the purpose of planning resective surgery. Electrode implants were guided strictly by clinical indications and research recordings were approved by the Committees on Human Research at the University of California, San Francisco and the University of California, Berkeley. The electrodes were 4 mm diameter platinum-iridium disks with a 2.3 mm contact width, embedded within a Silastic sheet (Ad-Tech Medical, Racine, WI, USA). The center-to-center spacing between electrodes was 10 mm. Grid electrodes consisted of 64 electrodes arranged in an 8 × 8 square and placed on the surface of left frontotemporal cortex in all patients. Electrode grids were sewn to the dura to minimize movement after placement. Supplemental 4 × 1 or 6 × 1 electrode strips (10 mm spacing) were also placed on the cortical surface in some patients.
Medical images
High-resolution T1-weighted MRI scans were acquired with a FSPGR sequence at a resolution of 0.43 mm × 1.5 mm × 0.43 mm on a 3 T scanner (GE, Milwaukee, WI, USA). Lateral skull film radiographs were obtained in 6 patients, and digitized at approximately 0.15 mm × 0.15 mm. Postimplant CT scans were acquired on GP1 and GP2 at a resolution of 0.43 mm × 0.43 × 3.75 mm.
Digital photographs were taken of the craniotomy both prior to and following placement of the electrodes using a consumer-grade camera (except GP1, who only had a post-placement photograph). The camera was handheld roughly 50 cm away from the exposed cortex and oriented approximately orthogonal to it.
MRI processing
Skull and scalp tissue were stripped from the structural MRIs with the Brain Extraction Tool (Jenkinson et al., 2005 , http://www. fmrib.ox.ac.uk/analysis/research/bet/). This segmented volume was used to determine the coordinates of points on the brain surface as well as create rendered brains with MRIcro (Rorden and Brett, 2000 , http://www.sph.sc.edu/comd/rorden/mricro.html).
Registration of surgery photographs
Two photographs are typically taken during surgical implantation of the electrode array-one showing the exposed brain (anatomical photograph, Fig. 1B ) and one showing the electrode grid on top of the brain (grid photograph, Fig. 1A ). The plastic and cabling of the electrode grid partially occludes the view of the brain anatomy underneath it; therefore, it is useful to transfer the coordinates of the electrodes seen in the grid photograph to the anatomical photograph. Fortunately, matching two photographs of the same scene taken with an uncalibrated camera is a 2D homography problem that is well-studied in the field of computer vision; given at least four matched point pairs called control points, a projective transform may be computed to map any given point from one photograph to the other (Abdel-Azziz and Karara, 1971; Hartley and Zisserman, 2004) . The projective transform automatically corrects for the inherent change in perspective and distance expected from two photographs taken at different moments with a handheld camera. In the case at hand, several control points can easily be chosen on the two photographs, including prominent features of blood vessels, distinct corners of the craniotomy, fixed sutures, and other stationary surgical hardware.
Given N pairs of control points with coordinates a i ≡ (x i , y i ) from the first photograph and b i ≡ (u i , v i ) from the second photograph, the projective transform may be computed as follows: First, the coordinates are normalized with transforms T 1 and T 2 , respectively, such that the centroid for each group is (0,0) and the mean distance from the origin is √ 2 for each set of points. Let
T , withã i = (x i ,ỹ i , 1) and
The coordinate vectors are augmented with unity as a scaling factor, which will become important later. Then, the discrete linear transformation (DLT) algorithm can be used to determine the 3 × 3 projective transformP that best mapsã tob (Abdel-Azziz and Karara, 1971; Hartley and Zisserman, 2004 (1) The green circles outline the electrodes with 3D locations known from the previous photograph-MRI registration step; these two sets of coordinates were used as control pairs to generate the MRI-radiograph projective transform. (E) The projective transform can be used to compute the location of the X-ray source and trace the path of X-rays that generated the image for each electrode location. Surface electrodes are known to be at the intersection of these rays with the cortical surface. (F) The final rendering showing electrode positions confirmed by the photograph (in white) and those determined solely by backprojection (grid electrodes in blue, strip electrodes in yellow). Note that the strip electrodes A1-A4 and B1-B4 are difficult to see at the contrast level chosen for the shown radiograph. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
where the entries inP can be determined by solving the following 2N × 8 system:
When N > 4, the system is overdetermined, but may be solved in a least squares sense using singular value decomposition. Then, in order to apply the transform to the original coordinate spaces, the normalization transforms must be applied toP:
Finally, P may be applied to any point m ≡ (m x , m y ) from the first image to estimate the corresponding pointn ≡ (n u ,n v ) on the second image:
Note that after applying the transform to (m x , m y ), the first two elements of the output vector must be divided by the third, k, to yield (n u ,n v ). This effectively removes any perspective distortion; in fact, if P defines an affine transform, then the mapping is distortionless by definition and k = 1.
The transform requires matching of fixed landmarks (fiducials) between the two photographs; in this application, features on visible portions of the brain, blood vessels, and fixed surgical hardware may be used as landmarks for control points. The computed transform can then estimate the coordinates on the anatomical photograph corresponding to any point from the grid photograph. Therefore, the transform is applied to the coordinates of all visible electrodes in the grid photograph. This method does not require that the two photographs be taken with identical parameters (e.g., the angle, distance, and zoom/focus settings need not be the same).
Photograph-MRI registration
The locations of visible electrodes from the photograph can then be manually annotated on a high-resolution MRI surface rendering of the patients brain. This yields a set of 3D coordinates of known electrode positions in MRI space (Fig. 1C) . This process may be assisted with the use of a 3D-2D projective transform (see Section 2.6), or a feature matching algorithm may help automate this step (e.g., Yuan et al., 2004) .
MRI-radiograph registration
The projective transform used above to register two photographs of the same scene may be extended to a more general "camera" problem (Abdel-Azziz and Karara, 1971) . A photograph is a projection of 3D "world" points onto a 2D image plane; light rays from the photographed scene converge onto a focal point behind the image plane (film or digital sensor). Note that radiography is a special case of the camera problem in which the focal point is actually the X-ray source; the X-rays then diverge before being absorbed by the imaged object or the film/sensor (image plane) behind it. Fortunately, most camera geometry principles and formulae are readily generalizable to the case of radiography with the proper assignment of polarities to various parameters. Thus, in our case, the 3D world data is represented by the MRI and the photographic projection is represented by the X-ray image. It should be noted that due to the fan beam configuration of typical clinical X-ray sources, an affine transform -which assumes parallel rays -would result in greater registration errors.
Given at least six control points matching 3D world locations to a 2D image plane, a 3 × 4 projective transform may be computed to map any 3D location to the image (Abdel-Azziz and Karara, 1971; Hartley and Zisserman, 2004) . In practice, ten or more well-distributed control points are needed to generate a reliable transform. It is difficult to find that many uniquely identifiable yet nonplanar point correspondences given a standard MRI and uncalibrated radiograph. Other approaches require calibration of the X-ray system (including precise measurement of the position and orientation of the X-ray source relative to the patient) and/or placement of additional external markers that can be observed in both sets of images (e.g., Gutiérrez et al., 2005) . These methods are cumbersome to implement in clinical practice and cannot work for typical existing data.
However, electrodes are clearly visible on radiographs ( Fig. 1D ) and many of their 3D positions are known from the above photograph-MRI registration. Therefore, several known 3D-2D point correspondences exist from the visible electrodes. With the addition of some potentially clear anatomical landmarks (e.g., nasion, auditory canals, teeth, and upper vertebrae), enough control points can be defined to create a viable projective transform between the MRI and the radiograph. As a sanity check, the transform can confirm the location of the X-ray source, which in a typical clinical setting is 100 cm from the head. The transform can then be applied to the X-ray positions of the electrodes.
We start with N pairs of control points with coordinates a i ≡ (x i , y i , z i ) from the MRI and b i ≡ (u i , v i ) from the radiograph. As with the 2D projective transform, the coordinates should be normalized with transforms T 1 and T 2 , respectively, such that each set of coordinates has a centroid that falls on the origin and is distributed with a mean distance of √ 3 for the 3D coordinates and √ 2 for the 2D coordinates. Let us
An expanded form of the DLT algorithm can be used to determine the 3 × 4 projective transformP that best mapsã tob (Abdel-Azziz and Karara, 1971; Hartley and Zisserman, 2004 
where the entries inP can be determined by solving the following 2N × 11 system: 
Again, in practice the system will be overdetermined (given N > 6), so singular value decomposition can be used to find the least squares solution. Next,P is denormalized so that it may be applied to the original coordinate spaces:
Finally, P may be applied to any MRI point m ≡ (m x , m y , m z ) to estimate the corresponding point on the radiographr ≡ (r u ,r v ):
As with the 2D-2D case, the first two elements of the output vector must be divided by the third, k, to remove projective distortion and obtain (r u ,r v ).
An interesting property of the projective transform P is that the estimated position of the focal point f (i.e., the X-ray source) may be directly calculated from it. For the present application, this serves as a sanity check to ensure that the transform is consistent with the X-ray acquisition specifications. Let us define: 
Indeed, if M is singular, ||f|| = ∞ and therefore P would define an affine transform, which assumes parallel rays with no convergence (i.e., an infinite focal length).
In practice, the DLT method for 3D-2D registration is somewhat sensitive to noise and inaccuracy in the given control points, and the computed X-ray source location is subject to some uncertainty along the axis perpendicular to the X-ray image plane. However, with only knowledge of the distance and approximate direction of the X-ray source, Levenberg-Marquardt optimization (Levenberg, 1944; Marquardt, 1963) may be used to adjust the displacement parameters in the normalization transform T 1 to ensure a reasonable estimate of f and, by extension, P.
Applying the projective transform P maps every 3D MRI point to a 2D radiograph point. We are interested in mapping the radiograph points to the MRI as well, but since P is a 3 × 4 matrix, P −1 is not defined. However, a form of the inverse projective transform does exist! Intuitively, all points on a line passing through the focal point f must map to a single point on the radiograph. Therefore, applying the inverse projective transform to a point on the radiograph should backproject to a line in MRI space. For a non-affine projective transform, the line equation is known to be (Hartley and Zisserman, 2004) :
where r ≡ (r u , r v ) is the radiograph coordinate to be backprojected, and is a parameter that determines position along the backprojected line. If the electrodes are known to be on the brain surface, then their coordinates are easily found by backprojecting each electrode's Xray location and finding the intersection with the set of MRI points comprising the brain outline ( Fig. 1E and F) .
It should be noted that large backprojection errors may arise in areas where the brain curves sharply away from the X-ray image plane. For example, when backprojecting to the bottom of the temporal lobe from a lateral radiograph, small errors along the superior-inferior axis of the brain may result in large displacement along the left-right axis. Additionally, electrodes are sometimes placed at depth within the brain. In these cases, known electrode spacing can be used to constrain the solution. Alternatively, if multiple X-ray views are available, projective transforms can be computed for each of them; these electrodes can then be localized by computing the intersection of their backprojections from each X-ray view.
Transformation to canonical coordinate system
Given a set of electrode positions on a patient's individual 3D MRI space, it is quite straightforward to transform them to a standard coordinate system such as the Montreal Neurological Institute (MNI) template (Evans et al., 1993; Mazziotta et al., 2001) . We used SPM2 (http://www.fil.ion.ac.uk/spm) to generate the nonlinear spatial transformation function using the preoperative MRI. The transform was then applied to the electrode coordinates determined from X-ray backprojection to obtain corresponding MNI coordinates. After conversion to Talairach coordinates (http:// imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach), the Talairach Daemon (http://ric.uthscsa.edu/projects/talairachdaemon.html) may be used to determine corresponding anatomical labels from the Talairach atlas (Talairach and Tournoux, 1988) . Note that since many epilepsy patients have unusual brain anatomy, it is especially important to use spatial normalization only to obtain standardized coordinates; functional activations should be rendered on an individual's MRI rather than a standard template.
Interactive navigation
Another 3D-2D projective transform can be synthesized to map MRI surface points onto the anatomical photograph, using the electrode positions from Section 2.5 and/or distinct anatomical features as control points. We have created an interactive navigation tool that uses this MRI-photograph transform along with the MRIradiograph transform to allow a user to select any point on the MRI and immediately see that point's corresponding projection on the radiograph and photograph (Fig. 2) . Conversely, selecting a point on the radiograph defines a corresponding point on the photograph and a line (i.e., the X-ray path) on the MRI. Finally, if MNI spatial normalization has been performed, corresponding MNI coordinates and anatomical labels can be displayed.
Performance evaluation
Accuracy of MRI-radiograph projective transform
To evaluate the performance of the proposed technique, particularly for electrode locations that are not used as control points, we selected one patient (GP6) for further analysis. Since it is not possible to definitively validate the computed coordinates for electrodes that are located beyond extent of the craniotomy, another projective transform was generated using six of the 47 visible electrodes, along with four anatomical fiducials (superior orbital ridge, left and right auditory canals, and the vertex). This effectively simulates a scenario with a smaller craniotomy that exposes only these six electrodes, providing a means to assess the accuracy of the remaining 41 locations computed using the proposed technique. The coordinates found from X-ray backprojection were compared with the photograph-derived coordinates not used to compute the transform, as well as the set of backprojected coordinates resulting from using all 47 visible electrodes plus the 4 anatomical fiducials.
CT-MRI coregistration
GP1 and GP2 had CT scans in addition to high-resolution preoperative MRI scans; GP1 additionally had a postimplant lateral radiograph. CT-MRI coregistration was performed with SPM2 using a normalized mutual information algorithm. (Simple fiducial-based coregistration was first attempted with unsatisfactory results.) The quality of coregistration was visually verified by ensuring good agreement of skull shape between the CT and MRI. Electrode coordinates were found using our proposed method and compared with the electrode positions derived from the coregistered CT scan. 3D renderings of CT electrode positions on the MRI were created with MRIcro. Figures showing coregistered CT/MRI slices were generated with OsiriX (Rosset et al., 2004 , http://homepage.mac.com/rossetantoine/osirix/).
Results
The photographs, radiographs, and final annotated brain renderings for all eight patients are shown in Fig. 3 . The total time for image registration, annotation, and rendering was typically 5 h per patient as performed by a trained researcher/technician.
Performance evaluation
One patient's image (GP6) was selected for further analysis to validate algorithm performance. Electrode locations found by computing projective transforms based on all visible electrodes had a mean discrepancy of 1.5 mm (S.D. 0.5 mm, max 2.7 mm) when compared to the photograph-derived coordinates (Fig. 4 , blue points). Using only a subset of six electrodes to compute the projective transform, the output electrode locations yielded only a mean discrepancy of 2.0 mm (S.D. 1.0 mm, max 4.6 mm) from the photograph-based positions (Fig. 4, yellow points) .
CT-MRI coregistration
As shown in Fig. 5 , coregistration of the postimplant CT with the preimplant MRI did not yield a satisfactory solution for either Fig. 3 . The photographs, radiographs, and final renderings for all 8 of the included patients Fig. 1 (GP6) . Known electrode positions from the photograph are shown as red dots, and the results from using the projective transform with all known electrode positions are depicted in blue. Since it is not possible to validate the location of hidden electrodes, a subset of six visible electrodes (boxed in yellow) was chosen to compute another projective transform. This transform was then applied to all X-ray locations, with the backprojection solution shown in yellow. The results from just these six electrodes agree closely with the known photograph-based positions as well as the results from the complete projective transform (blue dots). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) patient. Even though the skull and intact right hemisphere were well-registered, several surface electrodes coregistered to locations more than 1 cm deep into brain tissue on the MRI in both patients (Fig. 5, column 1) . Another CT-MRI overlay (Fig. 5 , column 4) clearly shows that the ventricles, midline, and exposed cortical surface shifted considerably. These displacements are likely due to the craniotomy, associated swelling, and the thickness of the cables and electrodes themselves.
Therefore, it was necessary to project electrode locations from the CT to the brain surface. Fig. 6 compares the results of this procedure to electrode locations from the surgical photograph. For GP1, the discrepancy of CT-based electrode positions with the photograph-based positions averaged 7.5 mm (S.D. 2.5 mm), with a maximum error of 14.5 mm. For the other patient (GP2), the discrepancy averaged 4.3 mm (S.D. 2.1 mm), with a maximum error of 7.6 mm. In both cases, upon removal of the grid implant, the surgeon (NMB) confirmed that the grid had not shifted from the implant photograph. Additionally, iEEG recordings from these patients showed patterns consistent with the photograph-based electrode locations, such as phase reversals across the Sylvian fissure as well as auditory and motor responses in expected areas (Canolty et al., 2006 (Canolty et al., , 2007 Dalal et al., 2008) .
Discussion
We have presented a method for registration of electrode positions from standard medical images. In summary, preimplant and postimplant digital photographs are registered with each other via a projective transform. Next, the preimplant photograph, now annotated with the visible electrode positions, is used to manually annotate the corresponding anatomy on an MRI rendering of the brain. These visible electrodes are then used to compute another projective transform between the MRI and the radiograph. Finally, backprojection using this transform reveals the locations of occluded electrodes.
We have demonstrated that our procedure outputs an accurate localization of electrode positions and does not require additional imaging procedures that add risk, radiation exposure, and expense to standard practice. Our technique makes use of digital photographs and high-resolution MRIs that have only recently been incorporated into the standard of care for epilepsy surgery patients. Precise knowledge of the X-ray configuration, placement of additional fiducial markers on the patient, and special calibration are not required. Most importantly, as the input images required are already collected by most neurosurgery centers, the technique can be quickly implemented and introduced to clinical use as well as applied to archived images from past patients for research use.
We have also shown that a popular technique for electrode localization, coregistration of postimplant CT scans with preoperative MRI scans, may not provide accurate results. The thicker slices usually obtained with standard clinical CT scanners result in significant partial volume averaging and coarse resolution along the superior-inferior axis. Furthermore, coregistrations may be unreliable since simply performing a craniotomy is known to significantly deform brain tissue (Hill et al., 1998; Roberts et al., 1998) ; particularly for patients implanted with chronic electrodes, swelling and the thickness of the electrodes along with associated hardware can contribute to further brain tissue displacement relative to the preoperative MRI. While the same issues may arise with our technique since we are also registering postimplant images with preoperative structure, we expect their impact to be less significant since the algorithm fits only the portion of the brain covered by electrodes and incorporates highly reliable information from the surgical photographs. Therefore, the various projective transforms involved may effectively absorb some brain deformation.
We have applied our method to register superficial electrodes, for which the estimated solution is the intersection of the X-ray backprojection with the cortical surface. The localization of deep electrode arrays can also be accomplished if the depth of the shallowest electrode contact is used to choose the displacement along the backprojected line from the cortical surface. The remaining electrodes can then be computed similarly using known electrode spacing. If additional X-ray views are available, depth electrode locations may instead be localized by computing separate projective transforms for each X-ray. The solution would then be the intersection of the multiple backprojected lines for a given electrode.
While having a full set of high-quality image data (photographs, MRI, and radiograph) increases confidence in the results, the presented technique is still useful if some images are poor or missing altogether. As anatomy is still identifiable through the Silastic electrode sheet in a good-quality postimplant photograph, the preimplant photograph is not strictly necessary, though it does ease the procedure to have it. Without a radiograph, MRIphotograph registration can be performed, and the position of hidden electrodes can be estimated from known electrode spacing and brain curvature (e.g., see results for GP7 shown in Fig. 3b ). MRI-radiograph coregistration can still be performed in the absence of surgical photographs with an estimate of a few electrode positions on the MRI and the use of other anatomical features as control points. (This last scenario likely would not provide results better than CT-MRI registration, but provides an option in the event of an archived patient dataset in which no photographs or CT are available.) Finally, at any point in the process, electrode locations can be manually adjusted to account for information from other sources such as known electrode spacing, CT coregistration, or coordinates from surgical navigation devices.
One metric to evaluate the quality of the solution for hidden electrodes in individual patients would be to examine the spacing of estimated electrode locations. Since electrode spacing is generally known, a large disagreement would suggest a suboptimal solution. In this event, however, the electrode spacing can then be used to constrain the solution and provide a satisfactory result, even in regions of high brain convexity where a small error in X-ray coordinates can result in large backprojection errors.
Much of the time required for our procedure was spent simply converting between different image formats and manually transcribing coordinates; manual annotation of visible electrodes and landmarks on the various images also consumed a large proportion of time. However, with further development, all required procedures can be implemented as an integrated software package, and it should be possible to automate the image annotation procedures. We expect this could reduce overall rendering time to less than 2 h per patient.
The algorithm presented is a valuable complement to existing medical imaging software that fuses different imaging modalities (e.g., existing software coregisters MRI and CT or MRI and PET). It would be useful as part of a suite of programs specifically intended for the diagnostic imaging and monitoring of neurosurgery patients with implanted electrodes. We have found that our interactive navigation tool to be clinically useful to aid in the positive identification of structures of interest on the X-ray and photograph; it could also be suitable in an educational setting to help students connect neuroanatomy with radiographs, photographs, MRI slices, and MRI renderings.
Acknowledgments
